ABSTRACT Superinfection exclusion is generally defined as a phenomenon in which a pre-existing viral infection prevents a secondary viral infection; this has also been observed in infections with mosquito-borne viruses. In this study, we examined the superinfection exclusion of the vertebrate-infecting flaviviruses, Japanese encephalitis virus (JEV) and dengue virus (DENV), by stable and persistent infection with an insect-specific flavivirus, Culex flavivirus (CxFV), in a Culex tritaeniorhynchus Giles cell line (CTR cells). Our experimental system was designed based on the premise that wild Cx. tritaeniorhynchus mosquitoes naturally infected with CxFV are superinfected with JEV by feeding on JEV-infected animals. As a result, we found no evidence of the superinfection exclusion of both JEV and DENV by pre-existing CxFV infection at the cellular level. However, JEV superinfection induced severe cytopathic effects on persistently CxFV-infected CTR cells. These observations imply the possibility that JEV superinfection in CxFV-infected Cx. tritaeniorhynchus mosquitoes has an adverse effect on their fitness.
Introduction
Flaviviruses (genus Flavivirus, family Flaviviridae) are enveloped viruses with a 10-11-kb positive-strand RNA genome (Kuno et al. 1998 , Simmonds et al. 2011 , mainly comprising arthropod-borne viruses (arboviruses). Japanese encephalitis virus (JEV) causes one of the most serious forms of viral encephalitis in Asia, with 30,000-50,000 cases of clinical disease and 10,000-15,000 deaths in humans each year (Erlanger et al. 2009 ). JEV is transmitted by Culex spp. mosquitoes, primarily Culex tritaeniorhynchus Giles, which are widely distributed throughout the Oriental Region (van den Hurk et al. 2009 ). Cx. tritaeniorhynchus becomes infected with JEV by feeding on infected viremic natural reservoirs or amplifying hosts (domestic pigs), after which infected mosquitoes transmit JEV to humans and animals during salivation. Dengue virus (DENV), another mosquito-borne flavivirus, is the etiological agent of the most prevalent mosquito-borne viral hemorrhagic fever in tropical and subtropical regions worldwide. DENV is antigenically and genetically classified into four serotypes (DENV-1-4) that are transmitted by Aedes spp. mosquitoes, particularly Aedes aegypti L. and Aedes albopictus Skuse (Vasilakis at al. 2011) . A fifth DENV serotype has been recently discovered (Normile 2013) .
Although most flaviviruses are transmitted by mosquitoes or ticks and infect vertebrate hosts, a group of flaviviruses that lacks the capacity to replicate in vertebrates has been identified in a cell line and in natural populations of mosquitoes (Smith 2012) . These viruses, now recognized as "insect-specific flaviviruses," are specifically adapted to their host mosquitoes and are probably maintained in nature by vertical transmission (Lutomiah et al. 2007 , Saiyasombat et al. 2011 , Bolling et al. 2012 . CxFV is an insect-specific flavivirus initially isolated from Culex spp.: Culex pipiens L. and Cx. tritaeniorhynchus in Japan and Culex quinquefasciatus Say in Indonesia (Hoshino et al. 2007 ). Many strains of CxFV have been subsequently detected in the abovementioned spp. and other Culex spp. mosquitoes worldwide (MoralesBetoulle et al. 2008 , Blitvich et al. 2009 , Cook et al. 2009 , Kim et al. 2009 , Saiyasombat et al. 2010 , Bolling et al. 2012 , suggesting that CxFV is strictly maintained in a host genus-specific manner.
Superinfection exclusion (or homologous interference) is defined as a phenomenon in which a preexisting viral infection prevents a secondary viral infection. This is believed to be related to several interference mechanisms in receptor-mediated attachment and penetration into cells, translation, or replication of secondary viruses (Folimonova 2012) . Superinfection exclusion has been described in various pathogenic viruses, including arboviruses. For instance, mosquito cells persistently infected with Sindbis virus (genus Alphavirus, family Togaviridae) exclude the replication of superinfecting alphaviruses (Adams and Brown 1985 , Condreay and Brown 1986 , Karpf et al. 1997 . Potiwat et al. (2011) demonstrated that the replication of chikungunya virus (CHIKV; genus Alphavirus, family Togaviridae) was suppressed by DENV when coinfected with a higher titer of DENV than that of CHIKV.
Recent studies have examined whether the superinfection exclusion of vertebrate-infecting flavivirus by the insect-specific flavivirus infection occurred in mosquito culture cells and whole bodies of adult mosquitoes. Kent et al. (2010) verified the superinfection exclusion of West Nile virus (WNV; genus Flavivirus, family Flaviviridae) by CxFV infection in C6/36 cells and Cx. quinquefasciatus mosquitoes; however, preliminary infection with CxFV had no significant impact on WNV replication in their experiments. Bolling et al. (2012) suggested the possibility of early suppression of WNV replication in both C6/36 cells preliminarily infected with CxFV and a laboratory colony of Cx. pipiens naturally infected with CxFV. Hobson-Peters et al. (2013) demonstrated that the superinfection exclusion of vertebrate-infecting flaviviruses (WNV and Murray Valley encephalitis virus) may have occurred in C6/36 cells preliminarily infected with the Palm Creek virus, an insect-specific flavivirus that is phylogenetically distinct from CxFV.
These observations are intriguing because a natural infection by insect-specific flaviviruses in wild mosquito populations may have a significant impact not only on the replication and transmission of vertebrate-infecting flaviviruses but also on the incidence and prevalence of infection by these pathogens (Bolling et al. 2012) . However, as mentioned in previous reports (Kent et al. 2010 , Bolling et al. 2012 , cellular level studies have been conducted under the following disadvantageous experimental conditions: 1) C6/36 cells derived from Aedes mosquitoes were used, although WNV and CxFV are generally associated with Culex mosquitoes, and 2) C6/36 cells have a dysfunctional antiviral RNA interference response (Brackney et al. 2010 , Scott et al. 2010 ) that may not reflect viral growth in normal cells. Furthermore, because insect-specific flaviviruses are generally maintained in natural mosquito populations by vertical transmission (Saiyasombat et al. 2011 , Bolling et al. 2012 , superinfection exclusion could occur during persistent infection with the primary virus followed by infection with the secondary virus and not during a transient coinfection (simultaneous infection). As previously mentioned (Kent et al. 2010) , it is difficult to establish and subculture C6/36 cells persistently infected with an insect-specific flavivirus because of cell death due to cytopathic effects (CPEs). To solve these problems, we conducted a cellular level analysis using the Culex-derived cell line NIID-CTR, which was recently established from Cx. tritaeniorhynchus embryos ). NIID-CTR cells allowed persistent infection with CxFV and were used to verify the superinfection exclusion of JEV by CxFV. This approach is based on the premise that Cx. tritaeniorhynchus females naturally infected with CxFV become superinfected with JEV by feeding on JEV-infected viremic hosts. Furthermore, to compare the results of the JEV-CxFV system, we also examined the superinfection exclusion of DENV, which is essentially unrelated to Culex mosquitoes, in CxFV-infected CTR cells.
Materials and Methods
Cells and Viruses. NIID-CTR cells derived from Cx. tritaeniorhynchus embryos ; hereafter referred to as CTR cells) were maintained in the VP-12 medium (Varma and Pudney 1969) supplemented with 10% heat-inactivated fetal bovine serum and were used throughout this study. C6/36 cells derived from Ae. albopictus (Igarashi 1978 ; Health Science Research Resources Bank, Osaka, Japan) were used for the multiplication of CxFV. Vero cells (NIBSC strain) were used for the multiplication and titration of JEV and DENV. Three flavivirus strains were used in this study: CxFV strain NIID21-2 (Hoshino et al. 2007 , GenBank accession no. AB377213), JEV strain Mie/41/ 2002 (Nerome et al. 2007 , GenBank accession no. AB241119), and DENV serotype 2 strain NIID02-20 (Tajima et al. 2006 , GenBank accession no. AB178040).
Establishment of CTR Cells Persistently Infected with CxFV. CTR cells persistently infected with CxFV were established (Fig. 1A) . In brief, passage number 45 CTR cells were separated into two lines, and one line was inoculated with CxFV propagated in C6/36 cells prior to inoculation. Both CxFV-infected [CxFV(þ)] and -uninfected [CxFV(À)] CTR cells were subsequently subcultured under the same conditions. At 10 passage intervals, small aliquots of the cell culture medium were recovered to assess the persistence of CxFV infection during the serial passages using CxFV-specific RT-PCR (Hoshino et al. 2007 . CTR cells serially passaged 30 times after inoculation with CxFV were used for further study.
In Situ Hybridization (ISH). To confirm stable and persistent CxFV infection in CTR cells, RNA-RNA ISH was conducted using a previously described method (Kuwata et al. 2011) . In brief, a 445-bp region within the CxFV NS3 gene (GenBank accession no. AB377213, sequence position 5,520-5,965), which was initially amplified by RT-PCR, was selected as a template for the synthesis of a negative-stranded RNA probe. CxFV(þ) and CxFV(À) CTR cells mounted on glass slides were fixed in buffered 4% paraformaldehyde with 5% acetic acid for 30 min at room temperature, permeabilized with 1 mg/ml proteinase K at 37 C for 10 min, and then fixed again for 10 min in a fixation buffer with the same constituents. After 2 h of prehybridization, fixed cells were treated under cover slips with 0.5 mg/ml digoxigenin-labeled RNA probe in the hybridization buffer (50% formamide, 2Â SSC, 1 mg/ml tRNA, 1 mg/ml salmon sperm DNA, 1 mg/ml BSA, and 10% dextran sulfate) at 42 C for 16 h. After hybridization, the slides were then washed once with Cell Growth. JEV and DENV strains used for infection were propagated in Vero cells prior to testing. The growth kinetics of CxFV(þ) CTR cells superinfected with JEV or DENV were determined: CxFV(þ) CTR cells (2.5 Â 10 5 cells) were seeded in a 35-mm surface-modified tissue culture dish (Primaria Easy Grip; Falcon, BD Biosciences, San Jose, CA). Furthermore, 12 h after seeding, the cells were inoculated with JEV or DENV at a multiplicity of infection (m.o.i.) of 0.1 plaque-forming units (PFU) per cell for 2 h. The inocula were removed, and the cells were washed three times with sterile phosphate buffered saline (PBS) and covered with 1 ml of VP-12 medium supplemented with 2% heat-inactivated fetal bovine serum. The superinfected cells were incubated at 25 C without controlling the CO 2 concentration, and the number of cells was counted in triplicates every 24 h. Growth curves of the cell were constructed and compared on the basis of the measured cell density. As controls, CxFV(þ) CTR cells were seeded, incubated, and counted under the same condition. All experiments were performed independently in triplicates.
Growth Kinetics of the Superinfecting Virus. The growth kinetics of JEV and DENV in CxFV(þ) CTR cells were determined as follow: CxFV(þ) CTR cells (1 Â 10 7 cells) were seeded in a 25-cm 2 culture flask (Falcon) and superinfected with JEV or DENV at an m.o.i. of 0.1 PFU/cell. Small aliquots of the medium were recovered every 24 h for 7 d, and the titer of each secondary infecting virus in the culture supernatant was measured by a standard plaque assay on Vero cells. To count the number of plaques, Vero cells were fixed with 3.7% (v/v) formaldehyde solution in PBS for 1 h, the methylcellulose overlay was removed, and the cells were stained with methylene blue solution. As controls, the growth kinetics of JEV and DENV in CxFV(À) CTR cells were determined under the same conditions. All experiments were performed independently in triplicates.
Results

Establishment of CTR Cells Persistently
Infected with CxFV. CTR cells were persistently infected with CxFV without causing discernible CPEs and grew normally as compared with the original CTR cells (data not shown). Stable and persistent CxFV infection in CTR cells were confirmed in almost every cell using ISH (Fig. 1B) .
JEV Superinfection in CTR Cells Persistently Infected with CxFV. To examine the effect of JEV superinfection on CxFV(þ) CTR cells, we compared the growth kinetics of JEV-superinfected cells with that of JEV-uninfected cells (Fig. 2A) . Within the first 4 d after JEV superinfection, the cells continued to grow with a doubling time of $40 h. During this period, the growth rate of JEV-superinfected cells was almost the same as that of JEV-uninfected controls. However, after the 4-d postinfection (p.i.) period, the number of JEV-superinfected cells abruptly decreased to $75% of the original number, probably because of cell disruption. From this point, some JEV-superinfected cells appeared to expand compared with CxFV(À) control cells (Fig. 2B) . After 5-6 d p.i., the number of JEVsuperinfected cells did not significantly change, but they increased after 6 d p.i. (Fig. 2A) . In contrast, JEVuninfected cells continued to grow normally during the study.
To assess the presence of superinfection exclusion, we examined the growth kinetics of JEV in CTR cells in the presence or absence of pre-existing CxFV infection (Fig. 2C) . Within the first 3 d p.i., the increase in the JEV titer was similar between the CxFV(þ) and the CxFV(À) CTR cells; however, after 3 d p.i., JEV titers became strikingly different between these two cells (Fig. 2C) . The JEV titer in the culture supernatant of CxFV(þ) cells continued to increase after 4 d p.i., reaching a titer of 10 10 PFU/ml. Thereafter, the JEV titer did not significantly change for the following 2 d, and it finally decreased by approximately an order of magnitude at 7 d p.i. In contrast, the JEV titer in the culture supernatant of the CxFV(À) CTR cells decreased by more than an order of magnitude from 4 to 6 d p.i. and then increased again at 7 d p.i. DENV Superinfection in CTR Cells Persistently Infected with CxFV. To examine the effect of DENV superinfection on CxFV(þ) CTR cells, we compared the growth kinetics of DENV-superinfected cells with that of DENV-uninfected cells (Fig.  3A) . Cell numbers and growth rates of DENV-superinfected cells were not significantly different from those of DENV-uninfected cells during the study period (Fig. 3A) . However, compared with CxFV(À) CTR cells, DENV-superinfected CxFV(þ) CTR cells showed reduced adhesion to the bottom of the dish over time (Fig. 3B) .
We examined the growth kinetics of DENV in CTR cells in the presence or absence of pre-existing CxFV infection (Fig. 3C) . During the first 4 d p.i., the increase in the DENV titer was similar between the CxFV(þ) and the CxFV(À) CTR cells. After 4 d p.i., the DENV titers continued to increase, but they began to show significantly different patterns of increase between the two types of cells (Fig. 3C) . The DENV titer in the culture supernatant of CxFV(þ) CTR cells was approximately an order of magnitude higher than that in the supernatants of CxFV(À) CTR cells.
Discussion
In this study, we examined the superinfection exclusion of vertebrate-infecting flaviviruses, JEV and DENV, by persistent CxFV infection in Cx. tritaeniorhynchus-cultured cells. We found no evidence of the superinfection exclusion of both JEV and DENV by pre-existing CxFV infection at the cellular level. Several studies have recently examined whether the superinfection exclusion of mosquito-borne flaviviruses occurs by infection with insect-specific flaviruses. Kent et al. (2010) reported that there was no evidence of the superinfection exclusion of WNV by CxFV infection at the cellular and whole-body levels. Although the present study was conducted under a different experimental condition using other vertebrate-infecting flaviviruses (JEV and DENV) and cultured cells (derived from Culex mosquitoes), our data support the result by Kent et al. (2010) .
A remarkable increase was observed in the JEV titer in the culture supernatant by superinfection from 3 to 4 d p.i. (Fig. 2C) , which appeared to coincide with the timing of decrease in the cell number by superinfection ( Fig. 2A) . A greater viral load due to superinfection may cause cell death, resulting in a massive release of mature JEV particles from the endoplasmic reticulum or Golgi apparatus of the infected cells. On the other hand, a significant increase was observed in the DENV titer in the culture supernatant caused by superinfection from 4 to 7 d p.i. (Fig. 3C) , without accompanying obvious effects on cell growth (Fig. 3A) and morphology (Fig. 3B ). Despite differences in the degree of cell damage between JEV and DENV superinfections, our results imply that pre-existing CxFV infection in CTR cells does not suppress the growth of a superinfecting flavivirus but rather enhances virus release from superinfected cells. In contrast, as an example of vertebrate cells, Zou et al. (2009) reported that the replication of WNV replicons in BHK-21 cells suppresses secondary flavivirus infection by competing for intracellular host factors during RNA synthesis. Molecular and cellular mechanisms underlying these contrasting events in superinfected cells need to be clarified in future studies focusing on critical host factors in both vertebrate and mosquito cells. We demonstrated that JEV superinfection induces severe CPEs on persistently CxFV-infected cells, which raises the possibility that JEV superinfection in CxFVinfected Cx. tritaeniorhynchus mosquitoes has an adverse effect on their fitness. The natural infection rate of CxFV in Cx. tritaeniorhynchus mosquitoes was significantly lower than that in Cx. pipiens mosquitoes in Japan (Obara-Nagoya et al. 2013) . Furthermore, CxFV has been principally isolated from Cx. pipiens subgroup worldwide (Morales-Betoulle et al. 2008 , Blitvich et al. 2009 , Cook et al. 2009 , Kim et al. 2009 , Saiyasombat et al. 2010 , Bolling et al. 2012 ), but has rarely been isolated from Culex vishnui Theobald subgroup, including the major vectors of JEV such as Cx. tritaeniorhynchus (Hoshino et al. 2007 , Obara-Nagoya et al. 2013 . The low CxFV infection rate in wild Cx. tritaeniorhynchus mosquitoes may be associated with CPEs by JEV superinfection, as observed in the present study, if JEV-CxFV coinfection is highly pathogenic or lethal to Cx. tritaeniorhynchus. Although Newman et al. (2011) demonstrated the possibility of natural WNV-CxFV coinfection in Culex mosquito populations, their data were based only on active and alive mosquitoes but not on inactive or already dead mosquitoes. The global distribution of various insect-specific flaviviruses in wild mosquitoes will gradually become clear in the future, which will facilitate the understanding of ecological impacts of viral superinfection on the population of mosquitoes in the field. To verify this hypothesis, we need to evaluate the vulnerability of cultured cells to flavivirus superinfection and specificity of CPEs by flaviviral superinfection not only in cultured cells but also in whole bodies of mosquitoes.
In the present study, the effect of viral superinfection on cell growth, CPEs, and secondary viral growth in persistently CxFV-infected cells was different between JEV and DENV. One reason for this difference may be the different budding patterns of JEV and DENV in the infected cells. In general, the budding time of JEV is earlier than that of DENV from Culex mosquito-cultured cells (Pant et al. 1982 , which may cause visible CPEs in JEV-superinfected cells earlier than those in DENV-superinfected cells. Pepin et al. (2008) emphasized that asymmetric competitive suppression occurred between DENV serotypes in Ae. albopictus C6/36 cells, depending on the time interval between the primary and secondary viral infection.
In general, JEV and CxFV are highly associated with Culex mosquitoes. In contrast, DENV is exclusively associated with Aedes mosquitoes. The present results indicate that persistently CxFV-infected cells could be less affected by DENV superinfection than by JEV superinfection, which may be related to a close mosquito-virus association. To verify this hypothesis, a comparative study between Culex-borne and Aedesborne viruses is required using cultured cells derived from Aedes mosquitoes and insect-specific flaviviruses associated with Aedes mosquitoes, such as Aedes flavivirus (AEFV; Hoshino et al. 2009 ), cell fusing agent virus (Cammisa-Parks et al. 1992) , and Kamiti River virus (Lutomiah et al. 2007 ). Some cell lines derived from Aedes mosquitoes are now available; however, almost all of them are probably not suitable for viral superinfection assay for the following reasons: Ae. aegypti Aag2 cells (Lan and Fallon 1990) and Ae. albopictus NIAS-AeAl-2 cells (Mitsuhashi 1981) have been persistently infected with cell fusing agent virus (Scott et al. 2010) and AEFV (our unpublished observation), respectively, for which the evaluation of the effect of viral superinfection, when compared with that of the virus-free cells as controls, was impossible. As mentioned above, Ae. albopictus C6/36 cells, which have been extensively used worldwide, is functionally defective in antiviral RNAi response, which makes them unsuitable as an accurate model for the mosquitoarbovirus interactions at the molecular and cellular levels (Brackney et al. 2010 , Scott et al. 2010 . Ae. albopictus CCL126 cells (from American Type Culture Collection) did not allow a persistent infection with AEFV because of cell damage by CPEs (our unpublished observations). Therefore, the establishment and exploitation of a new Aedes mosquito cell line is required to properly evaluate the effects of DENV superinfection on cells infected with insect-specific flaviviruses.
Recent studies have revealed that wild mosquitoes possess many types of insect-specific viruses, including flaviviruses, alphaviruses (Nasar et al. 2012) , nidoviruses (Kuwata et al. 2013 , Zirkel et al. 2013 , and negeviruses (Vasilakis et al. 2013) . For the prevention of arboviral infection, further studies are required to clarify the distribution of such viruses and to assess their impacts on the complex ecology of vector mosquitoes and arboviruses.
